The aim of the present study is to examine the effects of the antihypertensive drug cilnidipine on glucose metabolism and adipocytokines, including adiponectin, in diet-induced obese (DIO) mice. The effects of cilnidipine on insulin sensitivity and the levels of adiponectin in DIO mice were examined after the mice had been treated with cilnidipine dissolved in water at a dose of 0.2 g l À1 for 14 days. As expected, treatment with cilnidipine decreased the systolic and diastolic blood pressures in DIO mice, compared with control mice (Po0.05 for each parameter). Cilnidipine treatment improved glucose and insulin sensitivity in DIO mice. In addition, cilnidipine treatment dramatically increased the level of adiponectin in white adipose tissue (Po0.05) and the circulating levels of total and high-molecular weight (HMW) adiponectin in DIO mice (Po0.01 for each parameter). Furthermore, the secretion of HMW adiponectin and the ratio of HMW adiponectin/total adiponectin were both increased after cilnidipine treatment. Finally, the secretion of adiponectin from adipocytes was increased after cilnidipine treatment. Taken together, these results indicate that cilnidipine improves insulin tolerance and adiponectin levels, especially high-molecular type adiponectin, in DIO mice.
INTRODUCTION
Several common disorders, such as hyperglycemia and hypertension, are seen in individuals with metabolic syndrome. 1 Metabolic disorders, such as diabetes and hypertension, are thought to be key to the simultaneous development of these common disorders in certain individuals, along with the associated development of cardiovascular and cerebrovascular disease. 2 Previous studies demonstrated the presence of Ca 2 þ transport system and voltage-sensitive Ca 2 þ channels in adipocytes. 3 In addition, abnormal cellular calcium handling, particularly elevations in cytosolic-free calcium concentrations, are involved in insulin resistance and hypertension. 4 Antihypertensive drugs have been shown to have a therapeutic affect not only on blood pressure but also on other facets of metabolic disorders. 5, 6 For instance, insulin sensitivity in patients with hypertension was improved after the administration of cilnidipine, a Ca channel blocker. 7 Thus, cilnidipine might be useful for patients with hypertension and diabetes mellitus based on its effects on glucose metabolism. However, the detailed mechanisms by which cilnidipine functions to ameliorate the effects of abnormal glucose metabolism remain unclear.
Several adipocytokines have crucial roles in the regulation of glucose metabolism. 8, 9 Adipocytokines including tumor necrosis factor-alpha (TNF-alpha), IL-6 and resistin, which are all secreted from white adipose tissue (WAT), are known to be involved in glucose metabolism. [10] [11] [12] In addition, adiponectin and high-molecular weight (HMW) adiponectin have a number of vascular protective qualities, such as anti-diabetic, anti-inflammatory and anti-atherogenic effects. [13] [14] [15] [16] Taken together, these findings suggest that adipocytokines regulate insulin sensitivity and may be related to the pathogenesis of diabetes.
In the present study, therefore, we focused on the effects of cilnidipine, an antihypertensive drug, on glucose metabolism and adipocytokine levels in diet-induced obesity. We hypothesized that cilnidipine might affect glucose metabolism as well as the production and/or secretion of adipocytokines. To address this issue, we used diet-induced obese (DIO) diabetic mice to investigate the effects of cilnidipine on metabolic parameters, such as glucose and insulin levels during a glucose/insulin tolerance test (ITT), and the levels of adipocytokines, such as TNF-alpha, IL-6, resistin and adiponectin, in WAT and serum.
Diet, Tokyo, Japan) and control diet (item D12450B: 3.9 kcal g À1 ; Research Diet) and water. The HF food contained soybean oil (25/773.85 g) and lard (245/773.85 g). HF food was administered for 6 weeks, while the mice were between 8 and 14 weeks of age. All the animals were treated in accordance with the Oita University Guidelines for the Care and Use of Laboratory Animals.
Cilnidipine preparation and treatment
Cilnidipine (Mochida Pharmaceutical, Tokyo, Japan) and nicardipine (SigmaAldrich, Tokyo, Japan) were dissolved in vehicle (adjusted to pH 6.8-7.4). Each solution was prepared on the day that it was administered. We monitored drinking water of both the control and the cilnidipine treatment groups. Mice were selected and divided into two treatment groups. For the HF cilnidipine (HF-CIL) and HF nicardipine treatment groups, cilnidipine or nicardipine was added to the drinking water at a dose of 0.2 g l À1 for 14 consecutive days. The doses of cilnidipine and nicardipine were based on our preliminary data and a previous study. 17 As mentioned above, the control HF treatment group received untreated water for 14 consecutive days (last 2 weeks). The cumulative food intake was measured once every 24 h for each of the 14 days of treatment. Body weight, the histology of epididymal WAT, and the adipocytokine mRNA expression levels were examined and measured in all the animals at the end of the 14-day treatment period. WAT was dissected from the epididymal fat, mesenteric fat and retroperitoneal fat as visceral fat. The body fat mass was measured to assess changes in body fat accumulation in mice. The tissues were removed, weighed and immediately frozen in liquid nitrogen and then stored at À80 1C until subjected to mRNA extraction. The blood was withdrawn from the jugular vein, and the serum was separated and immediately frozen at À20 1C until assayed. The serum glucose, insulin, triglyceride and free fatty-acid levels were measured using commercially available assay kits (Wako Chemical, Tokyo, Japan).
Measurement of blood pressures
After treatment for 2 weeks, the systolic and diastolic blood pressures (SBP and DBP) and heart rate (HR) of the offspring were measured noninvasively using the tail-cuff method in conscious mice, as described previously (BP-2000; Visitech-Systems, Apex, NC, USA). 18 
Histological analysis
Epididymal WAT samples were fixed with 10% formalin and embedded in paraffin. Sections of 20 mm were cut and stained with hematoxylin and eosin to examine the histology of the white adipocytes used in the microscopy analysis system (Olympus, Tokyo, Japan).
Measurement of triglycerides in tissues
A total of 100 mg of epididymal WAT was homogenized using a polytron homogenizer (NS-310E; Micro Tech Nichion, Chiba, Japan) for 1 min in 2 ml of a solution containing NaCl at 1.5 Â 10 À4 mol l À1 (150 mM), 0.1% Triton X-100 and Tris at 1 Â 10 À5 mol l À1 (10 mM). The triglyceride content of this solution was determined using a commercially available kit (Wako Chemical).
Intraperitoneal glucose and ITT
After 4-h fasting, for the intraperitoneal glucose tolerance test or the ITT, the mice were treated with 2 g of glucose per kg body weight or 0.5 mU of regular insulin per g body weight via an intraperitoneal injection (Nobolin R; Novo Nordisk, Bagsvaerd, Denmark). Blood was sampled from the tail vein before and 30, 60 and 90 min after these injections, and the serum glucose and insulin concentrations were determined.
Cell culture and differentiation
Murine 3T3-L1 preadipocytes were obtained from the American Type Culture Collection (Dainippon Pharmaceutical, Osaka, Japan). Dulbecco's Modified Eagle Medium, fetal bovine serum, penicillin, streptomycin, D-biotin, insulin, dexamethasone and all other cell culture reagents were obtained from Wako Chemical. Cells were grown at 37 1C in 5% CO 2 in Dulbecco's Modified Eagle Medium containing 25 mM HEPES, 8 mg l À1 D-biotin, 100 U ml À1 penicillin and 10% fetal bovine serum (conditioned medium) and were seeded in sixwell plates when used for experiments. Differentiation into mature adipocytes was induced by exposing the cells to conditioned medium supplemented with 1 mm of dexamethasone and 10 mg ml À1 of insulin (induction medium) for 2 days. Cells were then incubated with medium containing 5 mg ml À1 of insulin. After 2 days, the medium was replaced with the conditioned medium. Subsequently, the conditioned medium was changed regularly every 2 days. We have examined the effects of cilnidipine on adiponectin mRNA expression and secretion of adiponectin in 3T3-L1 adipocyte 12 h after CIL treatment. 3T3-L1 cells were pretreated with the concentration of cilnidipine (200 mm) for 12 h.
Real-time quantitative reverse transcription PCR mRNAs were amplified using PCR and quantified using real-time quantitative PCR as follows. The total cellular RNA was prepared from selected mouse tissues using TRIzol (Lifetech, Tokyo, Japan) according to the manufacturer's protocol. Total RNA (20 mg) was electrophoresed on 1.2% formaldehydeagarose gels. The RNA quality and quantity were assessed using ethidium bromide agarose gel electrophoresis and by calculating the 260:280 nm absorbance ratios. cDNA was synthesized from 150 ng of total RNA in a volume of 20 ml using a ReverTra-Dash reverse transcriptase kit (Toyobo, Tokyo, Japan) with random hexamer primers. Reactions were diluted to 50 ml with sterile distilled H 2 O and stored at À20 1C. Primers were provided as qpre-optimized kits from Assay-on-Demand: resistin, IL-6 (the primers were generated by Nihon Gene Research Lab, Sendai, Japan), TNF-alpha (Mm00443258ml) and adiponectin (Mm00456425m1). Primers for ribosomal RNA, used as an internal control, were also provided as a pre-optimized kit (Hs99999901). PCR amplification was performed using an ABI PRISM 7000 sequence detector (Applied Biosystems, Foster City, CA, USA) in 50-ml volumes containing 100 ng of cDNA template in a PCR Master Mix (Roche, Nutley, NJ, USA) according to the following program: 50 1C for 2 min, 95 1C for 10 min, 40 cycles at 95 1C for 15 s and 60 1C for 1 min. Samples were analyzed in duplicate. The results were analyzed using Sequence Detection Software (Applied Biosystems), and the level of mRNA expression was normalized to that of ribosomal RNA as outlined in the Perkin-Elmer User Bulletin No. 2 (Perkin-Elmer, Wellesley, MA, USA).
Determination of levels of serum resistin, IL-6, TNF-alpha, and total and high-molecular weight adiponectin
The levels of WAT, serum resistin, IL-6, TNF-alpha, and total and HMW adiponectin were determined using an enzyme-linked immunosorbent assay kit (BioSource, Tokyo, Japan; Otsuka Pharmaceutical, Tokushima, Japan) and an optical density reader according to the manufacturer's instructions.
Statistical analysis
All data are expressed as the mean±s.d. An unpaired t-test or analysis of variance post-hoc Bonferroni test was used to analyze statistical differences using StatView 4.0 (SAS Institute, Cary, NC, USA).
RESULTS
Effects of cilnidipine treatment on body weight, adiposity, glucose and insulin Figure 1a summarizes the body weight and Figures 1b and c show the average food and drink intakes over the 6 weeks of the study period. No significant differences in the daily HF food consumption and body weight were noted between the cilnidipine-treated (HF-CIL) and the non-treated (HF) animals. Cilnidipine treatment, when compared with the results in the non-treated HF group, did not affect adiposity as assessed using the epididymal WAT weight (HF, 1.5±0.2 g vs. HF-CIL, 1.6 ± 0.2 g, P40.1) or the mesenteric, retroperitoneal WAT weight and the triglyceride content of the epididymal WAT ( Figures  1d-f, P40.1) . We did not observe any notable morphological differences between the two groups (data not shown). In addition, both the serum glucose and insulin levels were not decreased in the HF-CIL group, compared with the untreated HF group (Figures 2a and b, P40.1) . The serum triglyceride and free fatty-acid levels were not significantly changed in the HF-CIL group (Figures 2c and d, 
P40.1).
Effects of cilnidipine treatment on blood pressure and HR The SBP and DBP were both higher in the DIO group, compared with the control groups (Po0.01). The SBP and DBP were not significantly changed before cilnidipine treatment (SBP: HF, 121 ± 4 mm Hg vs. HF-CIL, 122 ± 5 mm Hg; DBP: HF, 98 ± 3 mm Hg vs. HF-CIL, 99 ± 4 mm Hg, P40.1 for each parameter). As expected, the SBP and DBP decreased with cilnidipine treatment (SBP: HF, 115 ± 3 mm Hg vs. HF-CIL, 98 ± 2 mm Hg; DBP: HF, 94 ± 3 mm Hg vs. HF-CIL, 84 ± 2 mm Hg, Po0.01 for each parameter). The HR tended to decrease, but the change was not significant compared with the controls (pre HR: HF, 605 ± 52 vs. HF-CIL, 627 ± 57; post HR: HF, 578±65 vs. HF-CIL, 593±72, P40.1).
Intraperitoneal glucose and ITT
During the intraperitoneal glucose tolerance test, the CIL-treated mice showed lowered levels of blood glucose at each measurement point, compared with the controls (Figure 2e ; Po0.01 for each parameter). The lowered glucose level in the CIL-treated mice persisted even 90 min after the initiation of the test. The levels of circulating insulin during the test were not significantly changed by CIL treatment. During the intraperitoneal ITT, the CIL-treated mice showed lowered levels of blood glucose at each measurement point, compared with the controls (Figure 2f ; Po0.05 or o0.01 for each parameter). 
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Effects of nicardipine treatment on food intake body weight, glucose tolerance test and adiponectin levels No significant differences in the daily HF food consumption and body weight were observed between the nicardipine-treated and the nontreated animals (Figures 3a and b) . The SBP and DBP decreased significantly with nicardipine treatment (SBP: HF, 120±3 mm Hg vs. HF nicardipine, 104 ± 2 mm Hg; DBP: HF, 96 ± 3 mm Hg vs. HF nicardipine, 87 ± 1 mm Hg, Po0.01 for each parameter). The improvements of glucose metabolism during the intraperitoneal glucose tolerance test were not observed in mice treated with nicardipine ( Figure 3c ). In addition, the levels of HMW and total adiponectin in the sera were not significantly changed by nicardipine treatment (Figure 3d ).
Effects of cilnidipine treatment on inflammatory adipocytokine levels
We examined the mRNA expression and serum levels of TNF-alpha, resistin and IL-6 in epididymal WAT and found that none of these levels (Figures 4a-c) were altered in the HF-CIL group, compared with the HF group (TNF-alpha mRNA: HF, 100±14% vs. HF-CIL, 98 ± 25%; resistin mRNA: HF, 100 ± 20% vs. HF-CIL, 113 ± 32%; IL-6 mRNA: HF, 100 ± 14% vs. HF-CIL, 88 ± 23%, P40.1 for each parameter).
Effect of cilnidipine treatment on adiponectin level Figure 4d shows that the adiponectin mRNA levels in epididymal and retroperitoneal WAT were increased in the HF-CIL group, compared with the HF group (epididymal WAT: HF, 100 ± 16% vs. HF-CIL, 178±26%, Po0.05; mesenteric WAT: HF, 100±12% vs. HF-CIL, 111 ± 15%, P40.1; retroperitoneal WAT: HF, 100 ± 16% vs. HF-CIL, 162 ± 34%, Po0.05). Similarly, Figure 4e shows that the serum levels of total adiponectin and HMW adiponectin were both significantly increased in the HF-CIL group, compared with the control HF group (Po0.05 or o0.01). Of note, the ratio of HMW/ total adiponectin in the sera increased dramatically with CIL treatment (Figure 4f ). Figures 5a and b show the levels of adiponectin in 3T3-L1 cells after cilnidipine treatment. The mRNA expression level of adiponectin in the 3T3-L1 cells was increased in the CIL group, compared with the CONT group (Po0.05). Similarly, the level of adiponectin in the medium was increased in the 3T3-L1 cells (CONT, 2.4±0.2 mg ml À1 vs. CIL, 3.5±0.2 mg ml À1 , Po0.05). There was no significantly change in the levels of TNF-alpha and INF-gamma between the groups (TNF-alpha: CONT, 4.1±1.3 pg ml À1 vs. CIL, 5.1±0.9 pg ml À1 , P40.1; INF-gamma: CONT, 2.3±0.5 pg ml À1 vs. CIL, 2.6 ± 0.4 pg ml À1 , P40.1). 
Effect of cilnidipine treatment on total and HMW adiponectin levels in adipocytes

DISCUSSION
In the present study, we have demonstrated that the calcium channel inhibitor cilnidipine improves glucose and insulin tolerance accompanied by an increase in adiponectin in DIO mice. Obesity and/or fat accumulation are well known to lead potentially to insulin resistance, although a reduction in body weight or adiposity can minimize problems, such as insulin resistance, that are often associated with obesity-related metabolic disorders. 19 In the present study, however, cilnidipine treatment did not affect either the body weight or adiposity. Therefore, cilnidipine treatment may modify glucose metabolism and/or insulin sensitivity independent of body adiposity. The pharmacological properties of cilnidipine, which acts as an L-type and an N-type calcium channel antagonist, should be mentioned. 7, 20 L-type and/or N-type calcium channel drugs are known to affect insulin resistance favorably, 7, 20 and the regulation of sympathetic nerves may affect insulin signaling, thereby affecting the activity of intracellular signaling molecules including adipocytes. [21] [22] [23] In addition to signaling molecules in adipocytes, a number of factors have been shown to be involved in regulating insulin resistance by adipocytokines, such as adiponectin and TNFalpha. [8] [9] [10] [11] In the present study, we focused on the effect of cilnidipine on the adipocytokines resistin, IL-6, TNF-alpha and adiponectin. Treatment with cilnidipine did not affect the levels of resistin, IL-6 or TNF-alpha in serum or WAT. However, we found that cilnidipine treatment regulated the levels of adiponectin in WAT and sera. Adiponectin is known to be an insulin-sensitizing adipocytokine 24 that regulates glucose metabolism by accelerating insulin signaling and glucose uptake in the liver and skeletal muscles. 25 Adiponectin also regulates markers of inflammation, contributing to its positive effect on insulin sensitivity. 26, 27 These findings suggested that adiponectin might be involved in cilnidipine-induced improvements in insulin sensitivity in DIO mice. In the present study, L-type calcium channel antagonist nicardipine did not significantly influence the glucose metabolism and adiponectin levels in DIO mice. Although the detailed mechanisms remain unknown, N-type calcium channels may effectively influence adiponectin and/or cilnidipine may have pleiotropic effects on adiponectin.
Adiponectin is generally present in serum as a trimer, hexamer or HMW form. 27 Among the forms of adiponectin, the HMW adiponectin form is the most active and confers a protective effect on blood vessels. 28 Furthermore, HMW adiponectin appears to be better associated with insulin sensitivity than total adiponectin and to be strongly associated with a lower risk for incident diabetes, 29 coronary artery disease 30 and cerebrovascular disease. Interestingly, cilnidipine treatment accelerated the secretion of HMW adiponectin.
This result suggests that cilnidipine may improve glucose metabolism in a manner involving HMW adiponectin. The present study provides novel insights into the involvement of cilnidipine as a therapeutic tool in the treatment of metabolic syndrome, including hypertension and insulin resistance. Several studies presented the nifedipine influenced on glucose metabolism, lipid oxidation and adipocyte dysfunction. 31, 32 Thus, it is possible that several calcium channel blockers, including cilnidipine, have an action on adipocyte.
The present study has several limitations. First, this study is pharmacologically experiment and the dose of cilnidipine in this study is relatively high. Second, the number of mice might not be enough. Third, the experiments using specific inhibitor of N-type Ca channel or deficient mice of the channel would be useful. Further basic and clinical studies are needed to clarify the detail mechanisms of cilnidipine.
In summary, the results of our study suggest that cilnidipine treatment may prevent the development of insulin resistance without affecting body adiposity in DIO mice. Associated changes in the levels and/or activity of adiponectin, especially HMW adiponectin, may contribute to the beneficial therapeutic effect of cilnidipine on metabolic disorders. Cilnidipine improves insulin sensitivity D Ueno et al
